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Investigation on freeze-thaw damage mechanism of porous rock
with discrete element method
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Abstract: The study of the degradation mechanism of freeze-thaw damaged rock holds significant theoretical importance in
understanding freeze-thaw disasters, predicting disasters, and designing tunnel protection systems in cold regions. Based on the
volume expansion theory, this research establishes a correlation between irreversible volume increase and the number of freeze-thaw
cycles, and also deduces the law of radial heat transfer for cylindrical samples during freeze-thaw cycles. Considering the freeze-thaw
damage process of saturated samples, a model of rock freeze-thaw damage based on discrete elements is developed. The physical and
mechanical properties of sandstone with different freeze-thaw cycles are tested to validate the model, using stress-strain curves and
uniaxial compressive strength. Building upon this, the growth and distribution of cracks in rock samples during freeze-thaw cycles are
analyzed, and the crack growth process under coupled freeze-thaw-stress conditions is studied. The research findings indicate that as
the number of freeze-thaw cycles increases, the development of cracks undergoes three stages: slow, fast, and then steady. The
number of cracks increases radially from the inside to the outside of the sample. Approximately 80% of the frost heave cracks are
distributed in the circular column area 10-25 mm away from the sample’s axis. When the nhumber of freeze-thaw cycles is less than
80, the increase in the number of cracks follows an exponential function relationship. However, when the number of freeze-thaw
cycles exceeds 80, the number of cracks increase logarithmically with their distance from the center of the circle. During the
freeze-thaw cycle, the damage in the sample primarily occurs through tensile failure, and the freeze-thaw damage process of the rock
is influenced by the initial pore structure.
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Fig.12 Crack growth and phasing due to freeze-thaw
damage
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Table 4 Parameters of fitting equation when N<80 cycles

N/ Ik d, /mm N, A s R?
50 5 55 12.91 0.14 0.986
60 5 135 53.44 0.12 0.967
70 5 236 168.95 0.10 0.957
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Table 5 Parameters of fitting equation when N>80 cycles

N/ R d, /mm N, B I R?
90 5 520 1417 -0.062 0.982
100 5 623 1783 -0.041 0.988
130 5 900 2640 -0.026 0.989
200 5 1178 3310 -0.023 0.986
300 5 1222 3462 -0.023 0.986

4.3 URREL-DLIRE R T B R R

K 16 f&7 1 DEM AU Al s A AR AR ) 19
OGP AL, X L AR ISR J5 RS R
Fo PIEBONE RS0 A, BRI AR —
B WEHRT LR, ah EERAETUINEE, &
FRAERE A KRR . BB URRMEA BRI, A
AR RE AT N AETCIRRME DL, A
FAE— R BTDIREE. BEE URRXELIN BT 2, &
AR 5 IR SRR W B8N . RRAEER 200 X1
DN, AR AAAEBURI BT U124, R 72 5
[ SR PR A% . UREIEFS 300 IREOL T, RAEEIY]

REEHCREIFRNN, EHEUEL, SaERss
P i 8 B S R A TR

BIP)REL wm R R

L4

e
o

Vi
N=0 /X N=50 /X N=100 & ~ N=200 7k  N=300 /X
(a) DEM #5401 45 5
N=0 7% N=50 /X N=100 &  N=200 /X  N=300 /X

(b) WA R
Bl 16 DEM B4R 5 R MBI AR £

Fig.16 Comparison between DEM simulation results and
macroscopic failure samples

PFC Hm] LIARF FURE 5] 8% 45 W 8T 1) 52 TR A
KX 7 R GENE A AR B DI IR I 2 Tk B IR, M
T R AR IR SO AL A M (A A2
N T RN W R Rl A TR 7 B0 A i o A2 w9 B
NFFREREE, XA FRREAE R 1
FAGLAE A N - R R AL AR EAT 0 #T s 45
B 17 fios.

% 8 VR RE R S AN 25 FE R G 28 46 A R DA
WA T B RLOE U . T VRRE
FMICT 50 IR, 2% i) AR A $]£ 0.001 5 B,
WIUEAT AR RSO AR AR R FE NP g . B Rk
TEAUE g N, nEks MRS A E R, 4
URAME LR 300 RIS,  INEN. 775 850 m Ny
0.000 4 B 244 RIFFUAIEK o VR AIG PR XA fit i Jl Y
W, HISSPURIERE S, IEYIRREU T .
BALINRAIN E, BRSO AR R F 25
Al BYYIZSL) o5 To RGP AE i S A1) 78%.
B DR RELIRE N, X — el . ST 4
% 300 RIRRMEIA AR, SYYIRE0RD BRI
63%. IXRBRALE A IE B R A A TR 2
Gy RAETAPREIR o X PRI Gk S BRAE DD e 2 1A
HILIVIaE RS R, fE4 )5 04 50 A 100 VK%
AR A I R, WIHAIR )75 SR80



IHE A FET BTN A URRR A 5 (AL 5 597

52 M bl
r P e 1%0
30} -= BHL |
I T =hF ve 2
a 251 EINIESAE o
s 1208
S 20f 2
i {15 %
=87 X
Z10} 110 ®
5t ; 15
0 : R i 0
00 05 10 15 20 25 30 35 40
Al N AR/ 1073
(a) N=07%
B g 730
30 -= AU i
o | o= kbR : 2
a 257 EINIESAE 1,n
= 20 =1
= 2F S Sl —
P Fal |58
Z5r fat 1.8
=10} g [0
R H
5F / 15
0 b bt L 0
00 05 10 15 20 25 30 35 40
A N4/ 1073
(b) N=50 &
B — iR 1%
30 = MALH 3
o | o= khRL o q2
&g o5t [URVIE SR8 /o v o
= 1.9
~ 20 - - 4 15 -~
Hasp T B PP
= i 10d
= 10 i i ]
5 1°%
00 05 10 15 20 25 30 35 40
A N4/ 1073
() N=100 &
0T — gy i 120
-m RRAH 3
o B[ =k N\ s
% 20k [IRYIESIAE B
R s 0%
z
) 5)%
F 5
5
0 I 0
00 05 10 15 20 25 30 35
Al N AR/ 1073
(d) N=200 7%
80— ARk 1%
o5 | - BRA 3 =
© il ??%%g Foqis
L pof MM 2
'S 15 {10 R
! =
& {15
5 -
0 — 0

00 05 10 15 20 25 30 35
A N4/ 1073
() N=300 1%

B 17 FRGRE AR ORISR

Fig.17

Crack evolution process of samples subjected to

different freeze-thaw cycles under uniaxial compression
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Fig.18 Developing process of loading-induced cracks
of samples subjected to freeze-thaw cycles
under uniaxial compression
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